Estrogen has been indicated to play an etiological role in the development of lung adenocarcinoma (ADC), particularly bronchioloalveolar carcinoma (BAC), a type of ADC that develops from a benign adenomatous lesion, atypical adenomatous hyperplasia (AAH). Polymorphisms in the CYP19A1 gene cause interindividual differences in estrogen levels. Here, 13 CYP19A1 singlenucleotide polymorphisms (SNPs) were examined for associations with lung AAH risk. AAH is detected as ground-glass opacity (GGO) by computed tomography (CT) examination, and this study consisted of 100 individuals diagnosed with GGO in their lungs among 3088 CT-based cancer screening examinees and 424 without. Minor allele carriers for the rs3764221 SNP showed an elevated risk for GGO [odds ratio (OR) 5 1.72, P 5 0.017]. Associations of this SNP with risks for lung AAH and BAC in the lungs were next examined using 359 ADC cases whose resected lung lobes were subjected to a histological examination for AAH accompaniment and the presence of BAC components and 330 controls without cancer. The ORs were also increased for lung ADC accompanied by AAH (OR 5 1.74, P 5 0.029) as well as lung ADC with BAC components (OR 5 1.41, P 5 0.091). The minor allele was associated with an increased circulating estradiol level (P 5 0.079) in a population of 363 postmenopausal women without cancer. These results indicate that CYP19A1 polymorphisms are involved in the risk for lung AAH and BAC in the lungs by causing differences in estrogen levels.
Introduction
Adenocarcinoma (ADC) is the commonest histological type of lung cancer, comprising $40% of lung cancer cases, among European, North American and Asian countries and is increasing in incidence (1) . Development of ADC is more weakly associated with smoking than those of two other major histological types of lung cancer, squamous cell carcinoma (SQC) and small-cell lung carcinoma. Thus, effective ways of preventing ADC are being searched for. Recent studies indicate that estrogen plays a role in the growth of lung ADC cells (2, 3) . Estrogen receptor (ER) b is expressed in bronchiolar epithelial cells (4) . ERb expression was detected in .75% of lung ADC being more frequent than SQC and small-cell lung carcinoma, and the expression was preferentially observed in bronchioloalveolar carcinoma (BAC) (4), a differentiated type of lung ADC developed in the peripheral lung (5) . ERb expression was also detected in atypical adenomatous hyperplasia (AAH) (4), a possible precancerous lesion for BAC (6) . Growth of lung ADC cells with ERb expression was enhanced by estrogen, whereas it was suppressed by antagonizing estrogen (2, 4) . Therefore, estrogen is probably to play an essential role in the growth of lung ADC cells. In fact, an ER antagonist, fulvestrant, is being examined for its utility in the treatment of lung ADC (7) .
Estrogen treatment significantly increased the development of adenoma and ADC in the lungs of ovariectomized female and male mice, therefore, estrogen is a risk factor for the development of lung ADC in mice (8) . In a cohort study of 44 667 lifelong never-smoking women in Japan, women of either early age menarche or late age menopause showed significant increase in the risk for lung cancer, and involvement of the use of hormone replacement therapy in the risk for lung cancer of postmenopausal women was also suggested (9) . Since ADC comprised .85% of lung cancer cases in this study, estrogen is a candidate risk factor for lung ADC also in the human. However, the involvement of endogenous and exogenous estrogen in the etiology of lung cancer of women has been inconsistent in other populations (10) (11) (12) (13) (14) (15) (16) (17) (18) . In addition, the significance of estrogen on lung cancer risk of men has not been reported to our knowledge, although men have similar levels of circulating estrogen to postmenopausal women (19) and ERb expression was detected in lung ADC both of men and women (4, 20) . Therefore, estrogen is a possible target for prevention of lung ADC, and the significance of estrogen on its etiology should be further investigated.
Polymorphisms in genes involved in estrogen metabolism have been suggested to be associated with circulating estrogen levels (19) . Particularly, polymorphisms in the CYP19A1 gene, encoding an aromatase responsible for the final step in the biosynthesis of estrogens, estradiol (E2) and estrone (E1) (21) , have been most intensively investigated (22) . A tandem repeat polymorphism, (TTTA)n, in intron 4 and a single-nucleotide polymorphism (SNP), rs10046, in the 3#-untranslated region of exon 10 were reported to be associated with circulating estrogen levels in postmenopausal women (23, 24) . The tandem repeat polymorphism was also associated with circulating estrogen levels in men (25) . Recently, by a large-scale association study, in which .3000 postmenopausal women of European descent were analyzed for 103 SNPs dispersed in the CYP19A1 gene, SNPs located in the 3# region (i.e. exons 2-10) of the CYP19A1 gene, such as rs10046 and four other SNPs (marked by blue lines in Figure 1 ), were defined as most strongly associated with serum E2 and E1 levels (26) . Therefore, it was indicated that polymorphisms in the 3# region of the CYP19A1 gene are responsible for interindividual differences in circulating estrogen levels. On the other hand, in a recent association study involving 1068 men from Sweden and 2568 men from the USA, SNPs in the 3# region of the CYP19A1 gene, including rs10046, also showed associations with serum E2 and E1 levels in men (19) .
However, the rs2470152 SNP located in intron 1 of the CYP19A1 gene (marked by a green line in Figure 1 ) showed a stronger association than the SNPs in the 3# region (19) . Therefore, it was indicated that polymorphisms in intron 1 of the CYP19A1 gene also affect the estrogen levels. Since the rs2470152 SNP was not examined in the association study above in postmenopausal women (26) , polymorphisms responsible for estrogen levels remain unclear. However, these studies strongly indicate that CYP19A1 polymorphisms are a critical determinant of interindividual differences in the serum estrogen levels both in men and women.
We investigated here the significance of CYP19A1 SNPs on risks for AAH and ADC by conducting four independent association studies to further obtain information on estrogen in the etiology of lung ADC. (i) AAH in the lungs is detected as a ground-glass opacity (GGO) by helical computed tomography (CT) examination (6, (27) (28) (29) (30) . Therefore, the first study was to examine association of CYP19A1 SNPs with GGO risk in the lungs among examinees admitted to a single cancer screening center. This study consisted of 100 cancer screening examinees diagnosed with GGOs by a thin-section (high resolution) CT examination among 3088 examinees and 424 examinees without GGO who were matched to the GGO cases in sex and age categories. (ii) AAH is an incidental histologic finding detected in 16-35% of lungs bearing primary lung ADC (6, 31) . Therefore, the second study was to examine association of CYP19A1 SNPs with the risk for ADC accompanied with AAH(s) in the lungs among patients admitted to hospital. This study consisted of 81 cases diagnosed with lung ADC accompanied with AAH(s) among 359 lung ADC cases who received lobectomy followed by a histological examination of resected lobes serially sliced at intervals of 5 mm and 330 controls without cancer. (iii) AAH has been considered as a precancerous lesion that particularly develops to BAC, a type of ADC. Therefore, the third study was to examine association with risk for BAC. This study consisted of 151 cases diagnosed with lung ADC containing BAC components among 172 cases diagnosed with small-sized ADC, which include BAC as the majority, and 330 controls without cancer.
(iv) Finally, CYP19A1 SNPs that were associated with GGO, AAH and BAC risks were examined for association with circulating estrogen levels of 363 postmenopausal women without cancer.
Subjects and methods
Subjects for association study on GGO risk Study subjects were Japanese and consisted of examinees who underwent helical CT examination of the lungs from 2005-07 as a cancer screening program provided by the Research Center for Cancer Prevention and Screening of the National Cancer Center, Japan. Details of the screening program have been described elsewhere (32) . All examinees gave written informed consent to allow their data and materials collected through the screening program to be used for the purpose of medical research. The study protocol was approved by the institutional review board of the National Cancer Center, Tokyo, Japan. Eligible examinees were individuals who underwent helical CT examination of the lungs. Details of the CT screening method were described previously (33) . Examinees diagnosed with lung cancer or with a history of malignancies were considered ineligible. In a consecutive series of 3088 examinees aged from 40 to 79, 2822 fulfilled the necessary conditions above. One hundred and five examinees were defined as GGO cases because they had at least one GGO !5 mm in diameter by a screening CT examination followed by validation by a thin-section (high resolution) CT examination. Four hundred and forty examinees were chosen as control subjects from examinees without GGO by frequency matching to these GGO cases in sex and four age categories (ages 40-49, 50-59, 60-69 and 70-79 years). Genomic DNAs were available for 100 cases and 424 controls of these subjects for this study (the GGO set, Table I ). One hundred and two examinees were chosen by a simple random sampling method from 512 examinees diagnosed as having at least one GGO ,5 mm in diameter by screening and/or high-resolution CT examinations and were examined as a population containing GGO cases as a subset.
Before undergoing the screening program, examinees completed a selfadministered questionnaire concerning medical history and lifestyle characteristics, including smoking habit. The composition of the questionnaire has been detailed elsewhere (32, 34) . The questionnaire inquired about smoking habits by first determining smoking status (current, former and never) and then expressing lifetime exposure to cigarette smoking among current-and formersmokers by pack-years, with one pack-year defined as the smoking of 20 cigarettes every day for 1 year. Both current-and former-smokers were expressed as smokers in this study.
Subjects for association study on lung ADC risk All 359 cases and 330 controls were Japanese and were admissions to the National Cancer Center Hospital from 1999 to 2004. Cases were admissions who were diagnosed with lung ADC by histological examinations according to World Health Organization classification (5) and received lobectomies at National Cancer Center Hospital. Controls were admissions who were not diagnosed with lung cancers and had no history of cancers (the lung ADC set, Table I ). They were individuals who had been suspected to carry lung or gastric cancer in other hospitals and were not diagnosed with these cancers in National Cancer Center Hospital by CT, endoscope examinations, etc. All cases and controls, from whom informed consent as well as blood samples were obtained, were consecutively included in this study without any exclusion criteria. The participation rate was nearly 80%. From each individual, a 20 ml whole-blood sample was obtained.
All 359 ADC cases were subjected to pathological search for AAH in the resected lobes as described (35) . Briefly, resected lungs were inflated with 10% CYP19A1 polymorphism and lung ADC risk formalin through bronchial cut ends, and after fixation for a few days were serially sliced at intervals of 5 mm, and each cut surface was macroscopically examined. Sliced lungs containing a lesion(s) suspected for AAH were further examined microscopically. Even in cases without macroscopic lesions, at least one tissue block was prepared from all sliced lungs and subjected to microscopic examination. The criteria for AAH were as follows and as described previously (36, 37) : (i) a localized lesion with well-defined boundaries; (ii) an alveolar wall slightly thickened with mild infiltration of inflammatory cells but without scar formation; (iii) proliferating atypical epithelial cells abutting each other but not as compact as in ADC; (iv) atypical epithelial cells that were cuboidal to low columnar or peg-shaped in appearance, resembling either type II pneumocytes or non-ciliated bronchiolar epithelial cells (Clara cells) and (v) the presence of some atypical cells with two or more nuclei, most of which had relatively smaller and smoother contours than those of ADC. These criteria are compatible with those described in the reference of World Health Organization classification of lung tumors as a proposal (6) . In the lobes, AAH lesions were detected in 81 cases (23%), whereas no AAH lesion was detected in the remaining 278 cases (77%) ( Table I ). The 359 ADC cases included 172 cases of small-sized ADC (i.e. ,2 cm in maximum diameter), and the information on the presence of BAC components in the tumor was available (Table I) . One hundred and fifty-one cases (87%) contained BAC components in the tumor, whereas the remaining 21 cases (13%) did not. The study protocol was approved by the institutional review board of the National Cancer Center, Tokyo, Japan. Smoking histories of the case and control subjects were obtained via interview using a questionnaire. The definitions of never-smokers and smokers are described above.
Subjects for association with estrogen levels
Postmenopausal women who participated as controls in multicenter hospitalbased case-control studies of breast cancer (38) (39) (40) were analyzed in the present study. This study was designed to determine lifestyle factors and genetic susceptibility to the risk for breast cancer and to compare potential risk factors among Japanese living in Nagano, Japan and Japanese Brazilians and non-Japanese Brazilians living in São Paulo, Brazil. Written informed consent was obtained from all these subjects. This study was approved by Comissão Nacional de É tica em Pesquisa (CONEP, National Committee of Ethics in Research), Brasília, Brazil and by the institutional review board of the National Cancer Center, Tokyo, Japan.
Estrogen (E2 and E1) levels in serum for Nagano and in plasma for São Paulo were determined by radioimmunoassay by Mitsubishi Kagaku BioClinical Laboratories (Tokyo, Japan). Both the hormone levels and genomic DNA from peripheral blood cells of 185 Japanese, 44 Japanese Brazilians and 134 non-Japanese Brazilians were available for the present study.
SNP analysis
Genomic DNA was extracted from whole-blood cells using a Blood Maxi Kit (QIAGEN, Tokyo, Japan) according to the supplier's instructions. Thirteen SNPs located in the CYP19A1 gene were selected. Five SNPs, rs4646, rs10046, rs2414096, rs727479 and rs1008805, were chosen since significant associations with serum estrogen levels of postmenopausal women were reported (26) . rs2470152 was chosen since a significant association with serum estrogen levels of men was reported (19) . The other seven SNPs were chosen based on the fact that their minor allele frequencies in the Japanese population were .0.1 in the GEMDBJ SNP database (https://gemdbj.nibio.go.jp/dgdb/). Genotyping of GGO set subjects for six SNPs, rs4646, rs10046, rs2414096, rs727479, rs1008805 and rs3764221 was performed by the Goldengate assay (Illumina, San Diego, CA) and that for the remaining seven SNPs was performed by the Taqman assay (Applied Biosystems, Foster City, CA) according to the supplier's instructions. Genotyping of lung ADC set subjects for the rs3764221 SNP and genotyping of the subjects for association of the rs3764221 and rs10046 SNPs with serum estrogen levels was performed by the Taqman assay.
Statistical analyses
A Hardy-Weinberg equilibrium (HWE) test was performed using the SNPAlyze version 3 software (DYNACOM, Chiba, Japan), and SNPs with a P value for deviation .0.05 were considered to be in HWE. Calculation of the D# and R 2 values between SNPs was performed by the expectationmaximization algorithm using the SNPAlyze version 3 software.
Associations of 13 SNPs in the CYP19A1 gene with GGO risk were examined by a trend test adjusted for gender, age ( 49, 50-59, 60-69 and !70) and smoking (never-smoker versus smoker). Associations of the rs3764221 SNP with GGO and ADC risks were digitized as odds ratios (ORs) adjusted for gender, age (-49, 50-59, 60-69 and 70-) and smoking (never-smoker versus smoker) with 95% confidence intervals (CIs) by unconditional logistic regression analysis (41) . ORs for ADC risk according to the accompaniment of AAH were assessed by the multinomial logistic regression model. These analyses were performed using the JMP version 6.0 software (SAS Institute, Cary, NC). Linear trends for estrogen levels according to increases in the number of minor alleles for the rs3764221 and rs10046 SNPs were tested in a multivariate regression model using SAS software version 9.1 (SAS Institute). Variables used for adjustment in each test are described in the footnotes to Tables II and III. A level of P , 0.05 in a test was judged as significant and that of 0.05 P , 0.1 was judged as marginal.
Results
Association of a CYP19 SNP with lung GGO risk Thirteen SNPs dispersed in the CYP19A1 gene region were examined for association with GGO risk in a case-control study that consisted of 100 examinees with GGO and 424 without (GGO set in Table I ). All 13 SNPs were in HWE both in cases and controls. Significant association with GGO risk was observed for an SNP, rs3764221, located in intron 1 of the CYP19A1 gene (P by trend test 5 0.0085) (Figure 1 ; supplementary Table I is available at Carcinogenesis Online).
Five SNPs associated with estrogen levels in postmenopausal women of European descent (indicated by blue lines in Figure 1 ) were in strong linkage disequilibrium (LD) with each other (D#5 0.85-1.0) as reported (26) . These five SNPs also showed LD with rs3764221 (D# 5 0.75-0.92), however, none of them showed significant associations with GGO risk (supplementary Table I is available at Carcinogenesis Online). The rs2470152 SNP associated with estrogen levels in men from Sweden and the USA (indicated by a green line in Figure 1 ) were in a complete LD (D# 5 1.0) with rs3764221, and this SNP showed a marginal association (P 5 0.076) with GGO risk (supplementary Table I is available at Carcinogenesis Online).
Heterozygotes and homozygotes for the minor allele of the rs3764221 SNP showed increased ORs for the GGO risk (Table II) , and the increase in the homozygotes was statistically significant. The OR in the dominant mode (C/T þ T/T versus C/C) also Association of a CYP19 SNP with lung ADC risk Association of the rs3764221 SNP with lung ADC risk was examined in a case-control study consisting of 359 lung ADC cases and 330 controls (Lung ADC set in Table I ). This SNP was in HWE both in cases and controls. ORs of heterozygotes and homozygotes for the minor allele and those in both the dominant and recessive modes for the lung ADC risk were increased; however, the increases were not statistically significant (Table II ; supplementary Figure 1 is available at Carcinogenesis Online). All 359 lung ADC cases were informative for the presence of AAH in the lung lobe with primary ADC (Table I) . Eighty-one (23%) cases had AAHs with primary ADC, consistent with previous reports that AAHs were detected in 16-35% of lungs with primary ADC (6, 31) . The ORs of heterozygotes and homozygotes for the minor allele and those in the dominant and recessive modes were higher for the risk for ADC with AAH than for ADC without AAH, although their 95% CIs overlapped (Table II ; supplementary Figure 1 is available at Carcinogenesis Online). ORs of hetrozygotes and in the dominant mode for the risk for ADC with AAH were statistically significant.
Among the 359 cases, 172 cases had small-sized ADC (i.e. ,2cm in maximum diameter) and were informative whether their tumors contained BAC components or not (Table I) . Tumors of 151 cases were diagnosed as containing BAC components. The ORs of heterozygotes and homozygotes for the minor allele and those in the dominant and recessive modes were higher for ADC with BAC components than for overall ADC, although their 95% CIs overlapped (Table II; supplementary Figure 1 is available at Carcinogenesis Online). ORs in the dominant mode for the risk for ADC with BAC components were marginally significant. The number of ADC cases without BAC components was small; therefore, ORs for ADC without BAC components were not calculated.
Association of the rs3764221 SNP with estrogen level Association of the rs3764221 SNP with GGO and ADC risks prompted us to examine whether this SNP is associated with estrogen levels or not. For this purpose, we examined the allele distribution of this SNP in 363 postmenopausal women, consisting of 185 Japanese, 44
Japanese Brazilians and 134 non-Japanese Brazilians, whose information on circulating E2 and E1 levels was available (38) (39) (40) . We also examined the allele distribution of the rs10046 SNP because the E2 and E1 levels in heterozygotes and homozygotes for the minor allele had been shown previously to be significantly higher than those in major allele homozygotes (Caucasian in Table III) (26) . Heterozygotes and homozygotes for the minor allele for the rs3764221 SNP in all subjects showed higher E2 and E1 levels as for rs10046 in the previous report (Table III) (26) . The increase in the E2 level according to increases in the number of minor alleles in all subjects was marginally significant (P 5 0.078), whereas that in the E1 level was not significant. Heterozygotes and homozygotes for Japanese subjects also showed higher E2 and E1 levels, although the differences were not statistically significant. On the other hand, heterozygotes and homozygotes for the minor allele for the rs10046 SNP showed only slightly increased levels of E1 and E2 in this study population.
Discussion
In this study, the rs3764221 SNP in the CYP19A1 gene was shown to be associated with risk for GGO (Table II) . AAHs are usually detected as GGOs by CT examinations and a subset of these AAHs progress to ADC, including BAC (28, 30, 42) . Therefore, this SNP was suggested to be involved in the risk for the development of AAH and also of lung ADC, particularly of BAC in the lungs. This suggestion was supported by the following two findings. First, the rs3764221 SNP showed a significant association with the risk for ADC accompanied by AAH but not for ADC not accompanied by AAH (Table II) . Second, this SNP showed a marginal association with the risk for ADC containing BAC components, and the association in this subset of ADC was more evident than that in overall lung ADC (Table II) . This result is consistent with the concept that AAH is a precancerous lesion of ADC, preferentially of BAC (5, 6, 43) . The frequency of having AAH in the lungs has been shown to be considerably higher in ADC patients than in individuals without cancer (6, 31, 36, 37, 44) . Therefore, the susceptibility to the development of AAH is probably to be associated with that of ADC in the lungs. Thus, the rs3764221 SNP might confer lung ADC risk by affecting the susceptibility to the development of AAH that progress to ADC, preferentially BAC.
In the present study, the minor allele for the rs3764221 SNP was marginally associated with a higher estrogen level in postmenopausal women. Notably, rs3764221 was in complete LD (D# 5 1) with rs2470152, whose association with serum estrogen levels in men had been reported (19) . Accordingly, the rs2470152 SNP also showed a marginally significant association with risk for GGO (Figure 1 ). Interestingly, intron 1 of the CYP19A1 gene contains 10 tissue specific promoters, which have been indicated to play regulatory roles in CYP19A1 gene expression differentially among diverse tissues (21, 22) . rs2470152 and rs3764221 SNPs are located, respectively, in and 3# to the I.4 promoter, which enables CYP19A1 expression in skin, testis and adipose tissues (21, 45, 46) . Therefore, genetic variations in the region spanning these two SNPs might be responsible for differential CYP19A1 expression among individuals, and this might cause interindividual differences in estrogen levels. In contrast to previous reports (26) , the rs10046 SNP did not show association with estrogen levels in the present study. Such an inconsistency might have come from ethnic differences of subjects examined. Since the minor allele frequency for the3764221 SNP is considerably lower in Europeans (,0.05) than in Asians (.0.2) (http://www.ncbi.nlm.nih. gov/projects/SNP/), this SNP was not examined in previous association studies of Europeans (19, 26) . The rs3764221 SNP is in LD with SNPs located in the 3# region of the CYP19A1 gene, including rs10046, therefore, it is also possible that SNP(s) critical for estrogen levels is located in this 3# region.
Interaction of CYP19A1 genotypes with smoking and gender was also investigated. The ORs for the risks for GGO and lung ADC were consistently higher in never-smokers than in smokers, although their 95% CIs overlapped (supplementary Table II is available at Carcinogenesis Online). This result went along with the result of meta-analysis showing that hormone replacement therapy particularly increases lung ADC risk of never-smokers (10) . This stronger association of CYP19A1 genotypes with GGO and lung ADC risks in never-smokers than smokers might be due to the anti-estrogenic effect of smoking (47, 48) . Smoking has been indicated to be associated with low levels of estrogen and with decreased risks for estrogen-dependent cancers, such as endometrial cancers (49) (50) (51) . On the other hand, risks for GGO and lung ADC were not consistently associated with gender (supplementary Table III is available at Carcinogenesis Online); therefore, the interaction of CYP19A1 genotypes with gender remains unclear.
The present study proposes that CYP19A1 polymorphisms are involved in the risk for AAH and BAC in the lungs by causing differences in estrogen levels. Association studies of a single population among CYP19A1 genotypes, estrogen levels and the risk for AAH and BAC, by taking gender and smoking into account, will further authenticate the present results. The contribution of CYP19A1 polymorphisms to cancer risks has been investigated in estrogen-dependent cancers, such as ADCs of breast and endometrium. The contribution has been indicated to be possible but remains inconclusive due to inconsistent results among studies (22, 26, 52) . Studies of CYP19A1 polymorphisms on risks for ADCs of a variety of organs, including the lungs, breast and endometrium, will further elucidate the significance of these polymorphisms and estrogen levels on cancer risks.
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